Dielectrophoresis -the motion of particles in non-uniform AC fields -has been used in the investigation of cell electrophysiology. The technique offers the advantages of rapid determination of the conductance and capacitance of membrane and cytoplasm. However, it is unable to directly determine the ionic strengths of individual cytoplasmic ions, which has potentially limited its application in assessing cell composition. In this paper, we demonstrate how dielectrophoresis can be used to investigate the cytoplasmic ion composition by using ion channel blocking agents. By blocking key ion transporters individually, it is possible to determine their overall contribution to the free ions in the cytoplasm. We use this technique to evaluate the relative contributions of chloride, potassium and calcium ions to the cytoplasmic conductivities of drug sensitive and resistant myelogenous leukaemic (K562) cells in order to determine the contributions of individual ion channel activity in mediating multi-drug resistance in cancer.
INTRODUCTION
Dielectrophoresis (DEP) is a phenomenon of induced particle motion on the micro-and nanoscale, with a broad range of applications to medicine (Pohl 1978 , Hughes 2002 . It belongs to a family of electrical phenomena that includes the more commonly used technique of electrophoresis, but is functionally different in two aspects. First, it is more readily amenable for use with whole cells; second, it uses an alternating (rather than constant) energizing voltage whose frequency is swept over a wide range, producing a spectrum that allows the analyst to determine the electrical properties (typically capacitance and electrical conductivity) of the membrane and cytoplasm (rather than merely the net particle charge).
Furthermore, DEP is label-free and non-invasive, relying on the measurement of cell motion in nonuniform electric fields to infer the electrical properties. However, it is unable to directly determine the ionic strengths of individual cytoplasmic ions, which has potentially limited its application in assessing cell composition; in this paper, we demonstrate how dielectrophoresis can be used to investigate the cytoplasmic ion composition by using ion channel blocking agents. Our previous work (Labeed et al 2003) has shown that drug sensitive (K562) and doxorubicin resistant leukaemic (K562AR) cancer cells exhibited significant differences in their dielectric properties, most notably in the conductivity (related to free ions) of the cytoplasm. K562 cells exhibited lower cytoplasmic conductivity-ionic strength relative to K562AR. Broader studies (Coley et al 2007) have indicated that there is a direct correlation between drug resistance and cytoplasmic conductivity.
Cancer cell resistance to chemotherapeutic agents can present a serious impediment to the successful treatment of cancer and is responsible for many deaths each year. One form of drug resistance is called multidrug resistance (MDR), characterised by cross-resistance to many anti-cancer drugs that have no common structure -but which are notably natural product in origin. Several mechanisms have been attributed to the MDR phenotype. A common correlate of MDR is the over-expression of membrane glycoproteins, collectively termed ABC (ATP-binding-cassette) transporters. Specifically, the MDR1 gene product P-glycoprotein pump (P-gp) has been closely associated with MDR status in cells. However, there is no clear consensus regarding the way in which P-gp confers drug resistance; rather, two models of MDR have been proposed, based on different aspects of P-gp activity. It has been postulated to play a direct role in drug efflux, "pumping" drugs (which act as substrates for the pump) from the membrane and giving rise to reduced and ineffective intracellular drug concentrations (Juliano and Ling 1976, Gottesman et al 2002) . However, P-gp has also been reported to be a Cl -channel (Valverde et al 1992 , Wadkins et al 1997 or bifunctional with one function as a Cl -channel and another as a peptide transporter (Gill et al 1992) . It has also been noted that P-gp shares homology with the cystic fibrosis transmembrane conductance regulator (CFTR) (Welsh et al 1992 , Gadsby et al 1999 , a known Cl -channel.
In this paper, we have used DEP to determine the relative contributions of chloride, potassium and calcium ions to the cytoplasmic conductivity of drug-sensitive and drug-resistant (P-gp expressing)
leukaemic cells in order to determine the contributions of individual ion channel activity in mediating multi-drug resistance in cancer. K562 and K562AR cells were separately cultured with agents to specifically block calcium, chloride and potassium (verapamil, NPPB and quinine, respectively). This allowed a determination of the contribution of each ion species to the net conductivity of the untreated cell and, hence, showed the quantity of specific ion species present in the cells. Results indicate that whilst K + and Ca 2+ levels were extremely similar between sensitive and resistant line, levels of Cl -were elevated by up to three times in the resistant line, implying increased chloride channel activity that can be associated with P-gp overexpression and supports the notion of P-gp as a chloride channel. However, treatment using the MDR modulator XR9576 (Roe et al 1999) showed no change in cytoplasmic conductivity despite reversing drug resistance. This correlates with the dual-function role of P-gp (Wadkins et al 1997) and indicates that its function as a chloride transporter plays no significant role in conferring MDR status in cells.
THEORY
A dielectrophoretic force occurs due to the interaction of an induced dipole and an electric field gradient.
The time averaged force F DEP on a homogeneous dielectric sphere, (Hughes 2002) is:
where r is the particle radius, ε m is the absolute permittivity of the suspending medium, ∇ the del vector operator, E rms is the local RMS electric field and Re [K(ω) values respectively depending on the applied frequency or the particle and suspending medium conductivity and permittivity. We can adapt this for a more complex sphere such as a cell, where the inner cytoplasm is enclosed by an enveloping membrane. If we consider the cytoplasm as being compartment 1 and having radius a 1 surrounded by the membrane which we consider as compartment 2 and have radius a 2 , then we can replace the complex permittivity of the particle ε p The dielectric properties of the cells, after each ion channel blocker were determined by fitting the measurement spectra to the single shell model (Broche et al 2005) . The best fit model was found by matching the curve to the measured data, and then altering the dielectric parameters of the membrane and the cytoplasm until a best match was found. For DEP calculations, cell diameters were measured using Photolite software to analyse microscope images of cells.
RESULTS AND DISCUSSION
DEP spectra were taken for K562 and K562AR before and after treatment with ion channel blockers, and the dielectric properties of the cells were extracted using principles outlined by Broche et al. (2005) , with particular attention paid to the conductivity of the cytoplasm (σ cyto ). This parameter represents the conduction of free ions through the cytoplasm, and is composed of the sum of the contributions of the ion species present. The values of cytoplasmic conductivity for control cells and those having been incubated with the blockers, plus data for cells incubated with XR9576, are shown in Table 1 .
The results showed significant differences in the cytoplasm of the drug sensitive K562 relative to drug resistant counterparts. This difference has already been described in the literature (Labeed et al 2003) but its origin has not been discussed. As shown in Table 1 Notably, treating either cell line with XR9576 produced no significant change in the value of σ cyto .
In order to understand these results, it is necessary to make an approximation. We suggest that we can consider the cell to be composed of three primary conducting agents -K + , Ca 2+ and Cl --plus some minor contribution from other charged species (DNA and proteins), whose value (observed in cells that have lost membrane integrity) can be at least an order of magnitude less than for viable cells (Labeed et al 2006) . Assuming that each blocker selectively removes one ion species from this list, a simultaneous equation can be constructed to determine the contribution each ion makes to the total value of cytoplasmic conductivity. We emphasise that this process is an approximation, since factors such as conductivity change due to water loss (Labeed et al 2006) are not considered -there was no significant change observed in the radii of K562 cells after treatment, but some shrinkage was seen in blocker-treated K562AR -but the results do highlight trends in the ionic composition of the two species.
Considering the results, we found that a good match was found to the data for ionic contributions This result is significant for two reasons. First, it indicates that the primary electrophysiological difference in the two lines can be attributed to the presence of additional chloride, suggesting either an increase in activity of chloride channels in the resistant line. This strongly correlates with the notion that P-gp is a chloride channel. However, it is also important to note that the MDR modulator XR9576 does not change the electrical properties of the cell -that is to say, the drug resistance of the cell is not affected by the chloride channel activity of P-gp, but by another mechanism which inhibits resistance without affecting the chloride channel function of the P-gp molecule.
In summary, we have demonstrated that the use of ion channel blockers allows the approximate determination of cytoplasmic ionic composition, and hence the quantify the activity of ion channels noninvasively in large numbers of cells simultaneously. The results indicate that the membrane protein P-gp does act as a chloride channel, but that this function is neither correlated with the conferring of MDR status, nor deactivated by the inhibition of P-gp in resistance modulation. . ion channel blockers in K562 and K562AR, plus controls and cells cultured in the presence of MDR modulator XR9576. All results fit subject to an error margin of 10% or less. 
